associated with these heat waves, but upwards of 2500 excess deaths are estimated to have occurred in the Indian heat wave (Ratnam et al. 2016 ) and at least 700 alone in the Pakistani megacity of Karachi (Masood et al. 2015) with many more throughout the country.
To further characterize these heat waves, we have analyzed 1973-2015 subdaily (hourly and 3-hourly) temperature and heat index (Steadman 1979a,b) calculated from the HadISD v1.0.4.2015p quality controlled weather station dataset (Dunn et al. 2012) . Heat index, one of several methods to measure the combined effect of temperature and humidity on human health, is a bicubic function of both variables intended to fit a model of a fully clothed adult (see Supplemental Material for its definition). Figures  16.1c,d show the daily maximum instantaneous heat index (thick red lines) and the temperature (thick black lines) associated with it during the heat waves in Hyderabad (in the Indian state of Telangana, WMO station number 431280) and Karachi (the largest city in Pakistan, WMO station number 417800). The pentadal averages of these daily maxima are shown with thin lines. Climatological averages over 1974-2014 are shown with horizontal dotted lines for May in Hyderabad and June in Karachi to show the events' relative severity. In Hyderabad, the daily maximum heat index was about 2°-4°C higher than temperature during the heat wave. In Karachi, this difference was about 7°-12°C, reflecting a much higher relative humidity. The first column of | mum heat index (indicated by the large black dot) is well within the advisory levels revealing that these U.S.-based statements were not developed for these regions. More widely applicable measures of the threat of severe heat wave to human health are not available . Rare and dangerous events are along the upper-right edge of this two-dimensional distribution, which are not necessarily the highest temperatures. The 2015 heat waves are represented by asterisks. These figures reveal stark differences in both the heat waves and climatologies of the two cities. In Hyderabad, the 2015 heat wave was among the highest temperatures ever experienced but relative humidity was low, around 20%. In Karachi, the 2015 heat wave was hot but not near record levels. However, because relative humidity was high (35%-70%), the daily maximum heat indices were among the highest ever experienced. These combinations of temperature and relative humidity were rare events as is evident by the proximity of the asterisks to the edge of the distribution in Fig. 16 Table 16 .1. Because the CO 2 covariate is clearly dependent on human activities, there is a statistically significant relationship between human influence and the heat index. However, because the statistical model does not consider that unforced natural variations may be coincidental with increases in atmospheric CO 2 , this statistical significance does not necessarily mean that an anthropogenic response has been detected by this analysis alone. To more rigorously estimate a possible human influence, we utilize simulations drawn from the C20C+ Detection and Attribution Subproject (Folland et al. 2014) . Temperature and relative humidity were extracted from the grid points nearest to the Hyderabad and Karachi airport weather stations from two 98-member ensemble simulations of the Community Atmospheric Model (CAM5.1) at a resolution of approximately 100 km (Risser et al. 2016, unpublished manuscript , available online at https:// arxiv.org/abs/1606.08908). Simulations from 1996-2015 driven by observed sea surface temperatures and sea ice distributions represent the "world that was," referred to here as "actual." A counterfactual "world that might have been" set of simulations represents the climate system had humans not altered the composition of the atmosphere (Folland et al. 2014) . In this case, an estimate of the human-induced changes to the sea surface temperature and sea ice distribution obtained from the CMIP5 models is removed from the lower boundary conditions and atmospheric trace gas and aerosol concentrations set to preindustrial values (Stone 2013 ). Comparison of model grid points to individual weather stations is performed with caution. Hyderabad Airport is located in the countryside well outside of the metropolitan area, and thus should be representative of temperature variations occurring on spatial scales resolved by the climate model. Karachi Airport is, however, located within the metropolitan area, and Karachi itself is a coastal city, so the climate model may not be properly resolving urban and coastal microclimate phenomena that are influencing weather at the airport. However, the pair of ensemble simulations use the same changes in land use and cover, so differences are predominantly a result of changes in atmospheric composition and ocean state rather than in the urban heat island. Jeon et al. (2015) , we estimate the changes in return period for corrected daily and pentadal values of peak temperature and heat index for both heat waves. This is used to define the "risk ratio," the ratio of the probabilities of reaching the corrected model estimates of the observed event in the factual and counterfactual simulations or, more simply, the inverse of the ratio of the corresponding return periods. Shown in Table 16 .1, we find a substantial human increase in the risk ratio of heat index for both the Indian and Pakistani heat waves. The heat index risk ratio is substantially larger for pentadal values than it is for daily values. This is particularly relevant to assessing human-induced changes in the heat wave-related risk Fig. 16.2. (a) | to human health and mortality, as is it is the longterm exposure to high heat that is most dangerous. Changes in simulated return values corresponding to the estimated observed return time are also shown in the last column of Table 16 .1, revealing large humaninduced changes in the magnitude of heat waves of a fixed rarity for both cities.
We note that the climate model simulation (not shown) does not exhibit as large a trend in the estimated return periods of temperature and heat index as some of the HadISD observational products. However, the sampling uncertainty of the observations, represented by the error bars in Supplemental Figs. S16.1c,d, is large and the model is not necessarily inconsistent with the observations in this regard. Sampling uncertainty is much lower in the model because of the size of the ensemble dampens the inherent natural variability. In the simulations, the human signal is larger for the heat index than for temperature over both the daily and pentadal extremal measures at both locations (Table 16 .1). We also find that for heat index, the human influence is greater on the pentadal scales than on the daily scales but that it is about the same for temperature at both locations. The time dependence of the Karachi observations could also be described this way, although there is essentially no trend in the daily extrema (Supplemental Figs. S16.1b, d) . The time dependence of the Hyderabad observations is also similar except for the large change in the daily temperature (Supplemental Figs. S16.1a,c) . Jeon et al. (2015) demonstrated that risk ratio estimates for heat waves could be relatively insensitive to uncertainty in observed event magnitude. Hence, the principal uncertainties in the estimates of risk ratio and return value changes for heat wave occurrence in Table 16 .1 stem from the use of a single climate model as well as the single estimate of counterfactual ocean state rather than observational uncertainty.
Conclusion. The deadly heat waves of 2015 in India and Pakistan were distinct meteorological events without obvious connection despite the proximity in location and time. We find a substantial human-induced increase (~800% to > 100 000%) in the likelihood of the observed heat indices. Alternatively, we also find a human-induced increase (~2°C) in the heat indices of nonindustrial events of equivalent rarity to that estimated in 2015 (Table 16 .1). This anthropogenic influence is found to be higher for pentadal than for daily measures of heat wave severity, with potential implications for human health and mortality because of their dependence on heat wave duration. This document was prepared as an account of work sponsored by the U.S. government. While this document is believed to contain correct information, neither the U.S. government nor any agency thereof, nor the regents of the University of California, nor any of their employees, makes any warranty, express or implied, or assumes any legal responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by its trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring by the U.S. government or any agency thereof, or the regents of the University of California. The views and opinions of authors expressed herein do not necessarily state or reflect those of the U.S. government or any agency thereof or the regents of the University of California.
